First results on single particle detection in human skin samples by x-ray microscopy are reported. 94± 6 and 161± 13 nm gold core particles with silica shells and 298± 11 nm silica particles coated with a gold shell on ultramicrotome sections of human skin were determined. The particles were applied on fresh intact skin samples, which were sectioned prior to imaging. After screening the sections by conventional microscopy techniques, defined areas of interest were qualitatively investigated by scanning transmission x-ray microscopy at the Swiss Light Source. In studies on the percutaneous penetration of 161± 13 nm particles on human skin samples, x-ray microscopy yielded high-resolution images of single particles spreading on the superficial layer of the stratum corneum and on the epithelium in superficial parts of hair follicles. No deeper penetration was observed. The present work using x-ray microscopy provides the unique opportunity to study qualitative penetration processes and membrane-particle interactions on the level of single particles. This goes beyond present approaches using optical microscopy. Further improvement of this approach will allow one to study particles with different physicochemical properties and surface modifications, including responses of the exposed tissue.
Introduction
With the increased use of nanoparticles in technical and biomedical applications, such as sunscreens, body lotions, functional textiles, and tumor diagnostics, the investigation of possible hazardous effects related to intended and unintended nanoparticle exposure has become an important field of research. 1 The skin, with an average surface of 1.5-2 m 2 in human adults, provides a large surface for nanoparticle-cell interactions and hence represents an important putative site for nanoparticle translocation into the viable tissue. General percutaneous absorption can be described by intercellular stratum corneum or via follicular penetration. 2 Recent investigations have demonstrated the important role of skin appendages, above all hair follicles, as the entry point and reservoir for topically applied compounds. 3 This penetration route is especially favored by particle formulations, which is due to the ability to aggregate in the hair follicle openings and to penetrate along the follicular duct. In fact, storage of particles of a size of 320 nm in the follicular duct was monitored in vivo for up to 10 days, providing enough time for intensive interactions between environmental and product-related nanoparticles with the epithelium or associated cell populations, respectively. 4 Physicochemical parameters of the nanoparticles of a given chemical composition, such as size, charge, and lipophilicity, as well as pretreatment techniques ͑e.g., massage, local heating, and stripping techniques͒ were shown to influence the percutaneous penetration process. [5] [6] [7] Stripping techniques, such as tape stripping and cyanoacrylate skin surface stripping, disturb the skin barrier and facilitate the penetration of topically applied substances. 5, 8 However, the vast majority of studies were performed on micro-and nanoparticles sized Ͼ750 nm that showed no penetration into viable tissue. Only recently, research shifted toward smaller particle sizes. At present, there is little evidence that nanoparticles at a size exceeding 100 nm penetrate into intact skin. 1 If particles Ͻ100 nm penetrated into intact skin remains unclear. Cross et al., for example, reported rather minimal penetration of 26-30 nm micronized zinc oxide into the upper layers of the stratum corneum of human skin, 9 while Baroli et al. suggest that metallic nanoparticles as small as 5.9 nm penetrated intact stratum corneum and hair follicles in a diffusion cell model of excised human skin. 10 The relevance of nanoparticle translocation across the skin barrier becomes even more apparent by investigations on particle penetration in barrierdisrupted or otherwise damaged skin as well as the possibility of shunt penetration via skin appendages. In our own studies on the penetration of polystyrene particles in human skin pretreated with cyanacrylate skin surface stripping, which induced mild barrier disruption and opens hair follicles for penetration, we found that 40-nm, but not 750 or 1500-nm particles penetrated, most likely via hair follicles, and were internalized by epidermal Langerhans cells. 11 In accordance with these results, Zhang et al. found penetration of quantum dot nanoparticles into the outer root sheath ͑e.g., the viable epithelial layers of hair follicles͒, while interfollicular penetration was limited to the upper layers of the stratum corneum. 12 Similarly, flexing of porcine skin significantly increased penetration of 3.5-nm fullerene amino acidderivatized peptide nanoparticles. 13 Microscopy techniques utilizing visible light, such as standard optical microscopy, fluorescence microscopy, and confocal laser scanning microscopy, were used in the past to visualize the uptake of nanoparticles into skin. [14] [15] [16] Direct imaging of single nanoparticles is not possible with such techniques because their size is below the diffraction limit. Scanning transmission x-ray microscopy [17] [18] [19] ͑STXM͒ has been used for the investigation of cells in the last few years. [20] [21] [22] Various studies devoted to materials sciences ͑e.g., on hollow microcapsules and core-shell polymer micro-spheres͒ have also made use of x-ray microscopy. [23] [24] [25] [26] In STXM, high-brilliance synchrotron radiation is tightly focused ͑40 nm͒, and the sample is raster scanned while recording the intensity of transmitted x-rays in order to produce a two-dimensional image. Besides from spatial resolution, x-ray microscopy also provides chemical contrast, which is a result of strong variations of the absorption cross section in core level absorption. This is due to the distinct near-edge x-ray absorption fine structure. 27 In this way, the combination of spectroscopic and ultrastructural data provides at ϳ40 nm spatial resolution information of the chemical composition of the sample. Therefore, x-ray microscopy has significant advantages compared to fluorescence microscopy techniques besides chemical contrast and sub-40-nm spatial resolution, because even wet samples without staining or using markers can be studied. 28 STXM has only been applied to a limited number of biological or biomedical samples in the past. 21, [28] [29] [30] [31] [32] [33] [34] [35] To the best of our knowledge, the interaction of particles in the submicron and nanometer range with human skin samples has not been investigated by STXM. Transmission electron microscopy ͑TEM͒ has already been used to localize the TiO 2 nanoparticles in skin sections, but this technique requires ultrathin skin sections ͑50 nm͒ and staining of the samples. 36 Ultrasections prepared after skin-penetration experiments have to be significantly thicker than the particles under investigation to prevent that the particles are lost or damaged during sectioning.
The aim of this study was to qualitatively study the uptake of single nanoparticles of well-defined size and composition into human skin and to compare these results to conventional microscopy. This also allowed us to develop a protocol that permits the detection of single nanoparticles on ultramicrotome sections of human skin using x-ray microscopy and to investigate nanoparticle penetration on the level of particlemembrane interactions.
Material and Methods

Synthesis and Characterization of Submicron and Nanoparticles
Gold shell particles were synthesized as suitable sample to provide high contrast in x-ray microscopy. The synthesis approach has been described in detail elsewhere. 37 In brief, silica colloids with a diameter of 197Ϯ 7 nm were synthesized using the Stöber method 38 and functionalized with 3-aminopropyltrimethoxysilane to enable the attachment of small gold nanoclusters ͑1 -2 nm diam͒. The gold shell was grown via reduction of an aged solution of chloroauric acid by addition of a hydroxylamine hydrochloride solution.
Gold colloids with a diameter of 42Ϯ 3 nm were synthesized according to the standard sodium citrate reduction method. 39 Gold colloids with a diameter of 49Ϯ 4 nm were purchased from Ted Pella Inc. Three silica shells were grown around the particles using a method described elsewhere. 40 The first shell served as a spacer between the dye molecules and the metal core. It is necessary to avoid fluorescence quenching of the dye labels. 41 The second shell is labeled with fluoreceine isothiocyanate or rhodamine isothiocyanate molecules, as described elsewhere. 42, 43 The outermost layer of pure silica guarantees that the dye labels do not influence the surface properties of the particles. After synthesis, all samples were carefully purified by repeated centrifugation and redispersion in water and finally transferred to phosphate buffered saline ͑PBS͒ at pH 7.4.
TEM
Size and polydispersity of the particles were determined by TEM. All samples for TEM measurements were prepared by dipping 400 mesh copper grids coated with a thin carbon film or Formvar film ͑Quantifoil͒ into dispersions of the particles. TEM images were taken with a Zeiss EM 10 transmission electron microscope with an acceleration voltage of 80 keV. The TEM images were analyzed with the software Simple PCI ͑C-Images͒.
Skin Samples and Nanoparticle Application
Skin samples from the retroauricular region were obtained from patients undergoing plastic surgery within 1.5 h after surgery, following written informed consent approved by the Ethics Committee of the Charité-Universitätsmedizin Berlin. Integrity of the skin surfaces was confirmed macroscopically and microscopically ͑SM33, Hund Wetzlar, Germany͒. Damaged samples were excluded from the study. The skin was pretreated by one cyanoacrylate skin surface stripping procedure in order to facilitate follicular penetration. 5 Subsequently, particles at concentrations of 1-4 mg/ mL in aqueous solution ͑PBS 7.4͒ were applied ͑20 L / cm 2 skin͒ and incubated for 1.5 h at 37°C. No additional dispersing agent or surfactant was used. Prior to fixation, adhesive spray ͑Liquid bandage, Hansaplast͒ was applied to the skin surface to fixate particles and prevent loss during the prolonged fixation, washing, and embedding processes required for ultramicrotome sectioning.
Preparation of Ultramicrotome Sections
The tissue samples were cut in 1-mm slices by moving an unused razor blade from the dermis side upward to avoid artificial translocation of particles into the tissue. After prefixation in Karnofski media for 30 min, single hair follicles were identified microscopically. Subsequently, 1 ϫ 2 ϫ 2-mm tissue cubes with central hair follicle openings were prepared using microforceps and razor blades. This procedure was followed by fixation in Karnofski media overnight and embedding in epoxy resin. Ultramicrotome sections of 200, 350, and 500 nm were prepared from each tissue block using an ultramicrotome ͑Reichert Ultracut S, Leica, Nussloch, Germany, Diamant Knive, Diatome AG, Biel, Switzerland͒, and collected on 75-mesh, 100-mesh, or 200-mesh ͑Ni͒ grids ͑Agar Scientific Limited, Essex, United Kingdom͒, respectively.
Fluorescence Microscopy of Cryosections
For conventional fluorescence microscopy, the investigational site of 1 ϫ 1 cm was excised from the tissue blocks and split into four squares of 0.5ϫ 0.5 cm each Then, 5-m cryosections were prepared ͑Cryo-Star HM560 M, Microm International GmbH, Walldorf, Germany͒ from each block and subjected to fluorescence microscopy ͑BX60F3, Olympus, Hamburg, Germany͒, excitation wavelength: 470-490 nm, emission wavelength: Ͼ550 nm.
Optical Microscopy for Preselection of Measurement Areas
Five selected grids or particle holders could be mounted on one microscope holder and could be studied in one series. The thin sections and the particles were screened using a coordinate reading light microscope ͑Leica DM4000M, equipped with Heidenhain linear encoder͒ at the Swiss Light Source ͑SLS͒ at the Paul-Scherrer-Institute, Villigen, Switzerland. Areas of interest, such as intact stratum corneum and hair follicle openings were searched and the coordinates of the location were recorded. The same coordinates were used for x-ray microscopy experiments.
X-Ray Microscope
The measurements were performed on the PolLux scanning transmission STXM microscope at the SLS. The storage ring runs at 2.4 GeV in the top-up operation mode, which provides a constant electron beam current of 400Ϯ 1.5 mA. The Pol-Lux STM uses linearly polarized x-rays from a bending magnet in the photon energy range between 200 and 1200 eV. 44 The device is optimized for low background levels and low detection limits. The transmitted photon flux was measured using a photomultiplier tube ͑Hamamatsu 647P͒. The STXM microscope provides a flux of ϳ10 7 photons per second at 300 eV. The samples are mounted vertically on a highprecision piezoelectric stage and scanned horizontally and vertically, perpendicular to the x-ray microprobe, which remains fixed, in order to produce a two-dimensional image.
Fresnel zone plates are used as focusing optics to generate a submicrometer x-ray probe ͑ϳ40 nm͒ by geometrical demagnification of the exit slit. The transmitted signal is collected by using a small-area detector, consisting of a phosphor screen, which is coupled to a photomultiplier. The image acquisition is performed by computer-controlled processing electronics. The instrument is operated under vacuum ͑10 −3 mbar͒ in order to minimize the x-ray absorption by air, which is significant in the soft x-ray regime, as well as sample contamination. Images were recorded at selected photon energies below and in the C 1s regime ͑270-320 eV͒ as well as below and in the O 1s regime ͑500 and 550 eV͒. The dwell time per point was between 1.2 and 1.6 ms. Image processing was carried out using the aXis2000 software. 45 
Preparation of STXM Samples
Initially pure samples of the submicron and nanoparticles were investigated by STXM in order to study the x-ray contrast. This is accomplished by applying a droplet of a diluted dispersion of the particles in water on a 100-nm thick Si 3 N 4 membrane ͑Silson Ltd., Northampton, United Kingdom͒. The optimum conditions for imaging of these particles in skin samples were found by putting droplets of the same particle dispersions at concentrations ranging from 1-4 mg/ mL. These were placed subsequently on Ni grids with skin ultramicrotome sections ͑see above͒. This yields skin samples that were loaded by high coverages of colloidal submicron and nanoparticles.
Results
Initially, the optimum photon energy for imaging human skin samples was determined. STXM measurements were performed in the line-scan mode on ultramicrotome sections of human skin in the C 1s regime ͑280-320 eV͒. Specifically, the transmitted radiation was recorded while a line trajectory was scanned across a part of the sample at each photon energy. The best contrast was observed at 287.3 eV, which is located at the C 1s edge. Further measurements were carried out in the pre-edge regime ͑270 eV͒ as well as below and above the O 1s edge ͑500 and 550 eV͒. The latter proton energies yielded a slightly lower contrast. The x-ray absorption of the particles has been determined from reference data. 46 The results indicate that a featureless and only slowly changing absorption cross section occurs for silica ͑SiO 2 ͒ in the C 1s regime. The highest absorption occurs below 270 eV ͑i.e., below the C1 s edge͒. 46 Above the O 1s-edge near 544 eV, the absorption is also significantly increased. 46 In contrast, particles with an outer gold shell have a very high and nearly structureless absorption in the C 1s regime ͑270-330 eV͒; thus, any energy in this range can be chosen for x-ray microscopy experiments. 46 Their absorption is higher in the O 1s regime than for silica shell particles. It slightly drops, which is due to the absorbing oxygen in silica above the O 1s absorption edge. 46 Because of their high absorption contrast, the gold-containing particles are excellently suited for tracking in STXM experiments. In spite of their high absorption, absorption saturation was not observed in the present experiments. First experiments made use of large silica particles ͑197Ϯ 7 nm͒ covered by a thick gold shell ͑50 nm͒. TEM measurements showed that the particles ͑total diameter = 298Ϯ 11 nm͒ had a spherical shape and a low polydispersity ͑3.8%͒ ͓see Fig. 1͑a͔͒ . These particles were precisely imaged on silicon nitride membranes by STXM below the C 1s edge ͑270 eV͒, at the C 1s edge ͓287.3 eV, see Fig. 1͑d͔͒ , and above the O 1s edge ͑550 eV͒. Neither in TEM nor in STXM is the core-shell structure of these particles visible because the electron absorption and the photon absorption, respectively, of the shell material is larger than the absorption of the core material. 44 The size of the imaged particles in STXM ͑ϳ300 nm͒ is similar to that derived from TEM studies on the same samples.
Small gold cores ͑49Ϯ 4 and 42Ϯ 3 nm͒ were used for investigations on the uptake of silica particles in human skin. These particles were coated subsequently by three silica shells, reaching a total diameter of the core-shell particles of 94Ϯ 6 or 161Ϯ 13 nm, respectively. The intermediate layers of these shells contained either chemically bound rhodamine ͑94Ϯ 6 nm particles͒ or fluoreceine ͑161Ϯ 13 nm particles͒. The outermost layer was pure silica and prevented an interaction of the dye molecules with the cellular environment ͑see Material and Methods Section͒. TEM imaging clearly proved the core-shell structure of the prepared particles ͓see Figure  1͑b͒ ͑94Ϯ 6 nm particles͒ and Fig. 1͑c͒ ͑161Ϯ 13 nm par-ticles͔͒. The 94Ϯ 6 nm particles could barely be imaged on silicon nitride membranes by STXM. At none of the used photon energies was it possible to obtain a focused image of these particles. Obviously, these particles were at the limit of the spatial resolution of the x-ray microscope during the ex-periments. Figure 1͑d͒ shows a typical blurred STXM micrograph of these particles at 270 eV. In contrast, the 161Ϯ 13 nm gold core particles provided a much better contrast on a silicon nitride membrane in STXM, even though their gold core was smaller ͑42Ϯ 3 nm͒ than in the other sample. This sample could be imaged at 270 eV ͓see Fig.  1͑f͔͒ as well as at 287.3 and 550 eV. As in the case of the smaller particles, here it was only possible to derive a blurred image.
First experiments with particles in the submicron regime on human skin were carried out with an ultramicrotome section of breast skin ͑350-nm thickness͒ treated with a small gold core particle ͑core: 49Ϯ 4 nm, total diameter 94Ϯ 6 nm͒. Subsequently, a droplet of large gold shell particles ͑298Ϯ 11 nm diam͒ was added to this sample. These measurements reveal that at 287.3 eV, even the large gold core-shell particles were hardly visible ͓see Fig. 2͑a͔͒ . However, 270 eV appeared to be the favorable photon energy to study gold core or gold shell particles in skin ͓see Figs. 2͑b͒ and 2͑c͔͒ in agreement with the calculated x-ray transmission ͑see above͒. Nevertheless, the contrast of the small gold core particles was still low at 270 eV. Moreover, after repeated imaging at the same area, small piles of carbon accumulated on the sample, which are a result from radiation damage of the skin. These are caused by prolongated irradiation of a few image points during reinjection in the top-up mode of the storage ring. This could be easily mistaken as evidence for small particles near the resolution limit ͓see Fig. 2͑c͔͒ . Therefore, control measurements were performed above the O 1s edge ͑550 eV͒. In this energy regime it is well known that an enhanced absorption of the outer silica shell occurs. 47 Indeed, the STXM micrographs at this energy allowed one to distin- guish between small gold core particles and possible artifacts ͓see Fig. 2͑d͔͒ . Furthermore, for the larger gold core particles ͑161Ϯ 13 nm diameter͒, the best contrast was observed at 287.3 eV ͑see also Figs. 3 and 4͒. High-resolution STXM of an ultramicrotome section of human breast skin ͑500 nm thickness͒ taken after application of large gold shell particles ͑298Ϯ 11 nm diameter͒ demonstrates that one can distinguish at 270 eV whether aggregated or individual particles are located in the stratum corneum ͓see Fig. 2͑e͔͒ . Note that two gold shell particles appear significantly smaller, about 40-60% smaller, in this micrograph, although the polydispersity of these particles was rather low ͑3.7%͒ ͓see Figs. 1͑A͒ and 1͑D͔͒. Probably these particles were likely sliced through by the ultramicrotome cuts. We present in Fig. 2͑f͒ a larger part of the same ultramicrotome section recorded at 270 eV photon energy. This image clearly shows details of the skin ͑i.e., the stratum corneum and the underlying keratinocyte layers of the viable epidermis͒. Among the different tissue sections studied, a thickness of 200-350 nm was identified as an ideal thickness for the detection of the particles used in our investigations. The risk of artificial loss or translocation of particles during preparation and sectioning was crucial for these studies, and sample fragility was also markedly decreased in thicker sections. The contrast of 500 nm sections, however, although suitable for the investigation of larger particles ͓e.g., gold shell particles with 298Ϯ 11 nm diameter ͑see Figure  2͑e͔͒͒ , turned out to be insufficient for the analysis of smaller particles and the identification of cellular structures. In future investigations of smaller particles, however, thinner sections may yield even better images. The sections were mounted on Ni grids with 75, 100, and 200 mesh. The fixation of the sections on all grids, even with the 75 mesh, was successful. Therefore, the 75-and 100-mesh grids were selected because there is a higher probability that areas of interest are covered by the Ni bars of the thicker 200-mesh grids. Some 161Ϯ 13 nm particles could conveniently be visualized by STXM according to the developed protocol after optimization of the tissue preparation procedure and addition of spray fixation of the colloidal particles on the skin surface prior to further processing steps. We observed that 161Ϯ 13 nm particles formed somewhat homogeneous layers of single particles on the stratum corneum of the interfollicular epidermis ͓Fig. 3͑a͔͒. This finding is in accordance with the results obtained from conventional fluorescence micros- Fig. 4 High-resolution analysis of specific areas of interest. ͑A͒ X-ray microscopy micrographs of the penetration of 161± 13 nm particles in a hair follicle opening. ͑B, C͒ For a detailed analysis of penetration processes, selected areas of interest are imaged at high resolution In this superficial compartment of the infundibulum, the particles were spread on the stratum corneum, and no deep penetration was observed.
copy, suggesting the spreading of particles on the skin surface but no deeper penetration into the viable epidermis ͓Fig. 3͑b͔͒. The high spatial resolution of the STXM measurements, however, allowed us, for the first time, to visualize the location of single particles below 170 nm diam on and within the stratum corneum ͓Fig. 3͑c͔͒. STXM imaging of the particle distribution on the surface of a hair-follicle infundibulum revealed lining of particles, occasionally accompanied by trapping of particles between the superficial layers of the stratum corneum ͑Fig. 4͒. As observed in interfollicular epidermis, no penetration of the nanoparticles across the stratum corneum was found in these superficial parts of the hair-follicle infundibulum.
Discussion
The experiments yielded, for the first time, images from x-ray microscopy on the penetration of particles in the size regime between 90 nm and 300 nm in human skin samples with the resolution of the single particles. The present experiments indicate that particles with a high x-ray absorption coefficient at photon energies suitable for imaging tissue are needed for the detection at the present resolution limit of STXM. Gold is known for its high absorption contrast in the energy range between 100 and 1000 eV. 31 The present results show that gold shell silica core particles ͑298Ϯ 11 nm diam͒ yield a high contrast in this energy regime and that silica particles of 161Ϯ 13 nm diam containing an inner gold core of 42Ϯ 3 nm can still be identified as individual particles in human skin samples. Gold core particles with a thinner silica shell ͑94Ϯ 6 nm total diameter, 49Ϯ 4 nm gold core͒ were at the resolution limit of the STXM. They can only be clearly identified, if measurements at different photon energies ͑below the C 1s and at the O 1s edge͒ are carried out. Further parameters, such as thickness of skin sections, mesh size of the grids, as well as energy levels, were defined ͑see the Results section͒ allowing the experimental findings to be reproduced. However, preparation of suitable tissue sections, which fulfill all criteria for reliable measurements, such as avoidance of artificial particle translocation, minimum loss of particles during the preparation procedure, as well as careful sectioning, remain challenging tasks. The present findings clearly indicate that STXM provides detailed images, which have the potential to extend significantly the present knowledge of nanoparticle uptake into skin, which is based on standard experimental techniques. The fact that tissue sections as thick as 350 nm can be analyzed by STXM is especially valuable for the analysis of nanoparticle-tissue interactions. In contrast, conventional TEM, which can also provide high-resolution structural information for many tissues, requires much thinner ultramicrotome sections of 50-80 nm, as well as additional dehydration and staining. 48 This increases the risk of artifacts during the preparation procedure and therefore cannot be applied for the investigation of nanoparticles in the size range of 50-300 nm.
In this study, we show that STXM gives the opportunity to localize the particles in or between the skin cells ͑e.g., cor-neocytes͒. Additional labeling of the gold core particles with a silica shell and fluorescent dyes enabled us to perform with the same samples additional fluorescence microscopy measurements. Hence, the uptake of silica particles in human skin can be studied on identical skin samples using the same type of submicron particles with different complementary imaging techniques ͑see Fig. 3͒ .
After optimizing the tissue preparation procedure and the addition of spray fixation of the particles on the skin surface prior to further processing steps, layers of 161Ϯ 13 nm particles could conveniently be visualized according to this newly developed experimental protocol. More detailed studies on the penetration of 161Ϯ 13 nm particles on excised human skin revealed that the particles form rather homogeneous layers on the outer skin surface. In contrast to conventional fluorescence microscopy, where the fluorescence appears as a homogeneous band and where the brightness of the fluorescent signal hinders more detailed analysis of the underlying layers of the stratum corneum, STXM enabled us to exclude particle aggregation and demonstrated clearly that penetration of the 161Ϯ 13 nm particles in corneocytes did not occur. Only occasionally did single particles occur underneath the first two layers of the stratum corneum and may also be the result of artificial translocation on the sections. No deeper penetration could be observed in all cases. This finding is complementary to our previous in vitro and in vivo studies on human and porcine skin using different microscopy techniques, including fluorescence microscopy, confocal laser scanning microscopy of tissue sections, Franz cell experiments, and in vivo confocal laser scanning microscopy. 49, 50 In addition to these approaches, we recently applied quantitative studies using differential tape stripping, a method developed in our group to monitor and quantify the penetration of fluorescent model compounds in the stratum corneum and hair follicles. 51 This approach, where the amount of compound, that penetrates interfollicular epidermis and enters the hair follicle duct are separately quantified, revealed that under physiological conditions, Ͼ95% of fluorescent model compounds, including fluorescent solid nanoparticles, usually remain in the upper layers of the stratum corneum. 52 None of the abovementioned approaches, however, yielded high-resolution images of single nanoparticles. Therefore, the present results from x-ray microscopy represent a highly interesting new approach for penetration studies of skin samples.
The finding that 161Ϯ 13 nm particles do not penetrate the intact stratum corneum is highly relevant because the skin as a barrier organ is especially prone to unintended exposure to environmental hazardous nanoparticles, particulate infectious agents in the nanometer range ͑e.g., viruses͒, and to intended exposure ͑e.g., topical application͒ of nanoparticle-enriched formulations in cosmetic products, including sunscreens. 53, 54 Our results are in accordance with recent studies by Gamer et al. who found that neither titanium dioxide Ͻ160 nm nor 80 nm zink oxide penetrated porcine stratum corneum. 55 In accordance with the present results, the above-mentioned previous studies suggest that penetration occurs via shunt penetration ͑e.g., hair follicles͒, rather than across the multiple layers of the stratum corneum. Detailed images of single particles below 200 nm size in combination with the ultrastructural resolution as provided by STXM have not been observed before by using conventional techniques. There is clear evidence that the capacity to penetrate into the viable tissue depends on the size of the particles and that the particle translocation is greatly facilitated in barrier-disrupted or damaged skin. 5, 11, 56 The presented results provide a valuable proof concept for the use of STXM in penetration studies. Investigation of smaller nanoparticles and their penetration profiles will follow to visualize penetration processes and particle-cell interactions and to further explore the great potential as well as potentially hazardous effects of particle exposure. In this study, we also found no penetration in superficial compartments of hair follicle openings, where the stratum corneum is still intact. This is consistent with the assumption that particle penetration does most likely occur in deeper parts of the hairfollicle infundibulum, where the differentiation pattern changes from epidermal to trichilemmal differentiation, leading to a physiological disruption of the skin barrier.
Further systematic studies on a series of nanoparticle samples of different size and shape, especially of such particles with a size of Ͻ40 nm, which are expected to penetrate into deeper skin regions, are required to screen the different hair-follicle compartments for nanoparticle penetration processes. We expect from such studies to show that STXM is a powerful tool for probing transport processes in different regions of human skin and tissue.
Furthermore, the use of STXM in other experimental models on skin penetration ͑e.g., porcine ear skin͒ may also help elucidate the mechanisms of nanoparticle translocation into the viable tissue. Because thickness of the epidermis, hairfollicle size, and density differ significantly among different species, human explants, as used in this study, are a highly relevant experimental model and have successfully been used by our group to study nanoparticle penetration and cell uptake studies. 11 In this model, however, follicular penetration is significantly reduced compared to in vivo conditions, because elastic fibers in the skin contract after excision, leading to an underestimation of the actual penetration, which occurs via hair follicles. 57 The additional investigation of penetration in porcine ear, therefore, helps to obtain a more comprehensive view on the penetration, although follicular penetration tends to be overestimated due to the differences in hair size and density. In fact, various studies demonstrated that in vitro investigations on porcine ear skin is well suited as a model for in vivo human skin applying different methods of investigation. These concern, e.g., tape stripping in combination with transepidermal water loss and impedance spectroscopy, 58 light microscopy, transmission electron microscopy, and cryo scanning electron microscopy, 59 studies with diffusion cells, 59, 60 reconstructed skin, 61 penetration studies applying laser scanning microscopy and biopsies 62 as well as the comparison of stratum corneum thickness, diameters of hair and infundibula. 63 
Conclusions
In summary, the use of STXM yielded high-resolution images of the distribution of single small particles of 161Ϯ 13 and 298Ϯ 11 nm diam on the skin surface. In the future, detailed ultrastructural and functional studies with emphasis on both cellular uptake and tissue alteration as well as on conformational or chemical changes of nanoparticles in response to skin and tissue exposure will be of importance to further understand the relevance of interactions of nanoscale materials and human tissue on a molecular level. In such studies, STXM may be a key instrument to study the penetration of single nanoparticles with high ultrastructural resolution. Moreover, the chemical selectivity of STXM is advantageous for the identification of any changes on the nanoparticle surface that are caused by uptake and translocation in skin, allowing for a quantitative analysis of the x-ray contrast. Moreover, STXM can also verify spectrally the type of chemical environment where the particles are ending up in the skin. This may allow to identify the mechanisms of their trapping in the skin or their potential impact on health. Further standardization of the procedure and larger series of investigations may allow us to study nanoparticles of different shapes, chemical composition, and surface modification. Furthermore, the importance of different formulations on nanoparticle uptake into skin is expected to be efficiently visualized by STXM, so that the penetration characteristics are modified.
